The amphibious water plant Crassula helmsii is an invasive copper (Cu)-tolerant neophyte in Europe. It now turned out to accumulate Cu up to more than 9,000 ppm in its shoots at 10 mM (=0.6 ppm) Cu 2+ in the nutrient solution, indicating that it is a Cu hyperaccumulator. We investigated uptake, binding environment, and toxicity of Cu in this plant under emerged and submerged conditions. Extended x-ray absorption fine structure measurements on frozen-hydrated samples revealed that Cu was bound almost exclusively by oxygen ligands, likely organic acids, and not any sulfur ligands. Despite significant differences in photosynthesis biochemistry and biophysics between emerged and submerged plants, no differences in Cu ligands were found. While measurements of tissue pH confirmed the diurnal acid cycle typical for Crassulacean acid metabolism, D 13 C measurements showed values typical for regular C3 photosynthesis. Cu-induced inhibition of photosynthesis mainly affected the photosystem II (PSII) reaction center, but with some unusual features. Most obviously, the degree of light saturation of electron transport increased during Cu stress, while maximal dark-adapted PSII quantum yield did not change and light-adapted quantum yield of PSII photochemistry decreased particularly in the first 50 s after onset of actinic irradiance. This combination of changes, which were strongest in submerged cultures, shows a decreasing number of functional reaction centers relative to the antenna in a system with high antenna connectivity. Nonphotochemical quenching, in contrast, was modified by Cu mainly in emerged cultures. Pigment concentrations in stressed plants strongly decreased, but no changes in their ratios occurred, indicating that cells either survived intact or died and bleached quickly.
Heavy metals such as cadmium (Cd), copper (Cu), manganese, nickel (Ni), and zinc (Zn) are well known to be essential microelements for the life of plants (for Cd, see Lane and Morel, 2000) . On the other hand, elevated concentrations of these metals induce inhibition of various processes in plant metabolism (for review, see Prasad and Hagemeyer, 1999; Kü pper and Kroneck, 2005) . Cu can occur in very high concentrations that are detrimental or even lethal to most plants. It is widely used as a pesticide in agriculture, and field runoff may easily reach concentrations of several micromolar (Gallagher et al., 2001) . Photosynthetic reactions, both photochemical and biochemical ones, belong to the most important sites of inhibition by many heavy metals and in particular Cu. In the thylakoids, PSII has frequently been identified to be the main target. The exact location of its damage, however, strongly depends on the irradiance conditions, as shown originally by Cedeno-Maldonado et al. (1972) and later by Kü pper et al. (1996b Kü pper et al. ( , 1998 Kü pper et al. ( , 2002 . The latter authors found that in low irradiance including a dark phase, the inhibition of PSII is largely due to the impairment of the correct function of the lightharvesting antenna; this mechanism was termed "shade reaction." It results from the substitution by heavy metals of the Mg 2+ ion in the chlorophyll (Chl) molecules of the light-harvesting complex II. In high irradiance, direct damage to the PSII reaction center (RC) occurs instead, which most likely involves insertion of Cu 2+ into the Pheo a of the PSII RC. This was named "sun reaction" (Kü pper et al., 1996b (Kü pper et al., , 1998 (Kü pper et al., , 2002 . Also, oxidative stress has often been described as a result of Cu stress; recent data have shown that in photosynthetic organisms, it is mainly a consequence of an inhibition of the photosynthetic light reactions (Rocchetta and Kü pper, 2009 ). Plants developed a number of strategies to resist the toxicity of heavy metals, as reviewed by Cobbett and Goldsbrough (2002) and Kü pper and Kroneck (2005) . Such strategies include efflux pumps, sequestration in cells and intracellular compartments where metals do least harm, and binding of heavy metals inside the cells by strong ligands like phytochelatins or free amino acids. A majority of the heavy metal-resistant plants, called "excluders," prevent the accumulation of heavy metals inside their tissues (Baker, 1981) . Other resistant plants actively take up heavy metals, translocate them into the shoot, and sequester them to certain parts of the plant, where they are stored in a harmless state. These plants, which accumulate up to several percent of heavy metals in the dry mass of their aboveground parts, are called "hyperaccumulators" (Brooks et al., 1977) . In their natural habitats, metal-rich soils in many parts of the world, this type of heavy metal accumulation serves as a defense against pathogens and herbivores Martens and Boyd, 1994; Boyd et al., 2002; Hanson et al., 2003; Jhee et al., 2005) . They can now be used for the decontamination ("phytoremediation") of anthropogenically heavy metal-contaminated soils and in some cases also for the commercial extraction ("phytomining") of high-value metals (mainly Ni) from metal-rich soils (Baker et al., 1994; McGrath and Zhao, 2003; Chaney et al., 2005) .
The mechanisms by which hyperaccumulator plants accumulate the enormous amounts of heavy metals in their shoots and prevent phytotoxicity of these metals have been the subject of many studies. Nevertheless, many of these mechanisms are still under debate (Pollard et al., 2002; Kü pper and Kroneck, 2005) , and a short overview is given in our companion article (Mijovilovich et al., 2009) on Cu in the Cd/Zn model hyperaccumulator plant Thlaspi caerulescens. Studies of arsenic, Cd, Ni, and Zn binding in hyperaccumulators (Krämer et al., 1996; Sagner et al., 1998; Salt et al., 1999 , Wang et al., 2002 Kü pper et al., 2004) indicated that in such plants most of the metals are coordinated by organic acids, which are commonly found in plant vacuoles. Nonaccumulator plants, in contrast, are well known to bind heavy metals by strong sulfur ligands such as phytochelatins (mainly for Cd) and metallothioneins (mainly for Cu), as reviewed by Cobbett and Goldsbrough (2002) .
While hundreds of species have been found to hyperaccumulate Ni and about two dozen to hyperaccumulate Zn, true Cu hyperaccumulation in the sense of reaching thousands of ppm in the shoot dry weight has rarely been confirmed. Most species reported to be Cu hyperaccumulators before were later found to be false positives due to Cu adsorption on the leaf surface, et cetera; actually, none of the species recently revisited had a bioaccumulation factor larger than 1, which is commonly regarded as a necessary prerequisite of true hyperaccumulation (Faucon et al., 2007) . But it is important in terms of the general understanding of metal metabolism in plants to identify how plants can cope with Cu toxicity other than excluding it from their metabolism and how far the mechanisms of Cu detoxification and Cu stress differ in Cu-resistant and -accumulating plants from Cu excluders and Cu-sensitive plants. Such questions are important also for breeding better Cd/Zn hyperaccumulators, since such plants (e.g. T. caerulescens) turned out to be Cu sensitive, limiting their phytoremediation potential on soils with mixed contamination (Walker and Bernal, 2004) . We now analyzed Cu accumulation and Cu stress in a so far not wellcharacterized species, the amphibious Crassula helmsii, an aggressively invasive plant in Europe (Kü pper et al., 1996a) . We chose this plant because in a previous study it had turned out to be much more Cu resistant than all other investigated species (Kü pper et al., 1996b) , but more in summer than in winter. Moreover, preliminary experiments indicated that under high temperatures and salinity, C. helmsii switches to circadian acid metabolism (CAM), which might cause its elevated Cu resistance in summer due to the enhanced availability of malate as a Cu ligand. CAM metabolism was first reported for C. helmsii by Newman and Raven (1995) .
In this study, we investigated physiological mechanisms of Cu-induced inhibition of photosynthesis, Crassulacean acid metabolism induction, and Cu accumulation and complexation in C. helmsii. The most important method for our investigations of Cu stress was the two-dimensional (imaging) and spectrally resolved microscopic in vivo measurement of the transients of Chl variable fluorescence in the fluorescence kinetic microscope (FKM; Kü pper et al., 2000a Kü pper et al., , 2007a . Cu ligands were investigated via EXAFS (Table  I) measurements, which is an element-specific method and therefore particularly suited for analyzing the in vivo ligands by applying it to intact frozen plant tissues. The FKM and EXAFS measurements were supplemented with measurements of Cu accumulation and CAM induction, a detailed analysis of changes in pigment composition, and measurements/observations of growth. (Table II) . Surprisingly, nevertheless, the Cu content per dry weight was the same for both submerged and emerged Cu-stressed plants, and in both cases it reached more than 9,000 ppm (Table II) . In the low-Cu control plants, emerged plants contained about 35% more Cu than submerged plants. Cu concentrations in the plants increased almost proportionally, with only little saturation, in relation to Cu concentrations in the nutrient solution. In the emerged plants, the 100-fold increase of Cu between the controls and the stressed plants yielded a 73-fold increase of Cu in the plant dry weight, while in the submerged plants, it resulted in a 97-fold increase in plant Cu content (Table II) .
Pigments
Pigment contents mainly varied between control and Cu-stressed plants, with the latter generally having less of all pigments. Surprisingly, no remarkable Cu-induced changes in the ratio of Chl to carotenoids were found, and the ratio Chl a/Chl b decreased only slightly (Fig. 2) , although Chl b is generally known to be more stable toward degradation. Only a somewhat slower degradation of b-carotene-like pigments (b-carotene and zeaxanthin) compared with other carotenoids under Cu stress was found. The substitution of Mg 2+ in Chl by Cu (i.e. formation of [Cu(II)]-Chl) was barely above the noise limit of this quantification (Fig. 2) . Only in samples of plants from the submerged stock cultures was a clear formation of about 2% [Cu(II)]-Chl a compared with total Chl a found. In the samples from emerged stock culture, the noise of this quantification was too high for unknown reasons (possibly formation of unknown compounds). [Cu (II)]-Chl b was never detected. Interestingly, some differences in pigmentation were found when comparing control plants in the submerged versus emerged state, although the submerged plants were only a few centimeters below the water surface, so that light absorption should be minimal. Regardless of preculture conditions, control plants that were grown in the submerged state during the experiment duration had a higher content of Chl a and Chl b (but no difference in their ratio) and a slightly lower Chl/carotenoid ratio (Fig. 2 , bottom panels) compared with plants grown in the emerged state. The lower Chl/carotenoid ratio was due to a much lower content of b-carotene-like pigments in the emerged plants, while levels of all other carotenoids were identical in the emerged versus submerged state (Fig. 2, top panels) .
Photosynthesis pH Measurements of CAM
The results of pH measurements of C. helmsii leaves for detecting circadian changes of acid content indicative of CAM are shown in Figure 3 .
Both in the plants from submerged and emerged stock culture, the leaves of emerged plants were more acidic in the evening. The difference between the pH in the morning and in the evening, however, was larger in the submerged compared with the emerged plants. All plants from submerged stock cultures had a higher pH in the evening compared with plants from emerged stock culture. Compared with the corre- sponding controls, the Cu-stressed plants of the emerged stock cultures had higher pH differences, independent of whether they were emerged or submerged during the experiment. Surprisingly, the opposite was observed for plants from submerged stock culture; in this case, Cu stress diminished the pH difference between morning and evening. In contrast to all other trends, the effects of Cu stress on the pH difference were too small to be statistically significant (ANOVA at P = 0.05; n = 16 independent treatments). The Cu concentration did not have a significant influence on the carbon isotope pattern of C. helmsii. Within a series of incubations (three to four replicates), the DPDB value remained within 226 to 227 in both control conditions (0.1 mM Cu 2+ ) and treatment with elevated Cu 2+ levels (10 mM), irrespective of whether a culture was submerged or emerged (Table II) .
Fluorescence Kinetics
Cu-induced changes in Chl fluorescence kinetics are shown in Figure 4 , with the kinetics themselves being shown in Figure 4B and the parameter values derived from them shown in Figure 4A . The response of the leaves was rather homogeneous (Supplemental Fig.  S2 ), in contrast to the large cell-to-cell differences in Cd-induced inhibition in the Cd/Zn-hyperaccumulator T. caerulescens investigated earlier (Kü pper et al., 2007a) . This homogeneity of the response now was observed for all fluorescence kinetic parameters.
The maximal fluorescence yield (F m ) was higher in plants from submerged stock culture compared with plants from emerged stock culture. It did not change much further, however, during the 10 d of the experimental conditions irrespective of the growth state (submerged or emerged) during this time. The basic fluorescence yield (F 0 ), in contrast, decreased during this time if plants from submerged stock culture were grown in the emerged state during the experiment (treatments ECt and ECu in the left column of Fig. 4A ). Cu stress never had any significant (t test, P = 0.05) influence on F 0 or F m levels.
The maximum quantum yield of charge separation in the PSII RC, as measured by F v /F m = (F m 2 F 0 )/F m , reflected the changes of F 0 and F m as mentioned above (i.e. it was lower in the submerged compared with the emerged growth state and increased if plants from submerged stock culture were transferred to the emerged conditions). In contrast, F v /F m was not sig- Genty et al., 1989) , with saturating irradiation pulses (SIPs) i1 to i4 in our protocol (see "Materials and Methods"), generally decreased in response to Cu stress if plants of the stock cultures were grown in the submerged state (Fig. 4A , left panels). In plants from submerged stock culture, this inhibition was much weaker than in plants from emerged stock culture, and the inhibition was only visible at the beginning of the actinic light phase of the measuring protocol (i.e. measurements with SIPs i1 to i3; Fig. 4 ). In contrast, in the plants from emerged stock culture, the inhibition of F PSII remained visible throughout the measurement (Fig. 4) . No effect of Cu on F PSII was found in plants that were stressed with Cu in the emerged state regardless of the preculture conditions.
Nonphotochemical quenching of Chl fluorescence, measured as NPQ = (F m 2 F m #)/F m , increased in response to Cu stress under most conditions analyzed (Fig. 4A ). This was more pronounced in plants from emerged stock culture (Fig. 4A , right column) compared with plants from submerged stock culture (Fig.  4A , left column). In the latter, no Cu-induced increase in NPQ was found in the completely light-acclimated state (SIP i4), and after the end of the actinic light period of the measurement even a decrease of NPQ in response to Cu stress was found (SIPs r1 and r2 in Fig. 4) .
The most consistent results were obtained for the light saturation parameter (F m 2 F 0 )/(F p 2 F 0 ), which is a measure of the ratio between functional antenna complexes to functional PSII RCs (Kü pper et al., 2007a) . In all plants from both stock cultures, this parameter always increased in response to Cu toxicity stress. The extent of this increase, however, strongly varied dependent on the precultivation of the stock culture; it was much stronger in plants from submerged stock culture compared with emerged stock culture (Fig. 4A) . Among the plants of the submerged stock culture, the Cu-induced increase in light saturation was stronger when they were treated with Cu in Figure 2 . Changes in pigment contents in C. helmsii leaves as a result of emerged versus submerged growth and Cu stress. The data are averages and SE of three independent experiments. Treatment labels are as follows: E, experiment (treatment) in emerged state; S, experiment in submerged state; Cu, treated with 10 mM Cu 2+ ; Ct, control (0.1 mM Cu 2+ ).
the submerged state than when they were treated with Cu in the emerged state. This, however, was not caused by a higher degree of light saturation in these Cu-treated plants but by a lower light saturation of the controls of the submerged compared with the emerged treatment of plants from submerged stock culture.
EXAFS Measurements

Model Compounds
For aqueous Cu 2+ (prepared by dissolving CuSO 4 ) as well as for Cu(II)-malate and Cu(II)-citrate, the best fit was for four low-Z ligands (oxygens were tried) bound to Cu at a regular distance, plus possibly one or two long-distance low-Z ligands (Supplemental Fig. S1 ; Supplemental Tables S1 and S2 ). For aqueous Cu 2+ , these ligands would be the oxygen atoms from water molecules, while for the organic acid complexes, they would be carboxyl oxygens.
Plant Samples
The main feature was the almost complete lack of sulfur ligands and Cu-Cu interactions. In all C. helmsii samples, Cu was only coordinated to low-Z ligands. This was revealed by both the EXAFS refinements (Table III; Fig. 5 ) and the component analysis (data not shown). In the spectra, there was a small contribution from higher shells. Attempts to fit a nicotianamine contribution in the refinements showed on average half a nicotianamine per Cu ion, and the SE values indicated that this was not above the noise level. Similarly, the component analysis did not reveal any nicotianamine contribution above the noise level (,4%), and the contribution of His was not significant (not detectable in emerged plants, 4.9% 6 4.9% in submerged plants).
DISCUSSION
The analyses of total metal content in the plant samples clearly showed that C. helmsii is a Cu hyperaccumulator, with Cu contents far higher than in previously reported Cu hyperaccumulators. This makes C. helmsii an attractive plant for studying Cu metabolism in plants, in particular in comparison with plants with different Cu sensitivity and accumulation, which is the main reason for linking this article with the one on Cu metabolism in the Cu-sensitive Cd/Zn hyperaccumulator T. caerulescens. In contrast to other hyperaccumulators, where higher (than in related nonaccumulator plants) requirements for the hyperaccumulated metals were found (Shen et al., 1997, for Zn in T. caerulescens and Kü pper et al., 2001 , for Ni in three hyperaccumulator species), there seems to be no higher Cu requirement in C. helmsii. The 0.1 mM was sufficient both for C. helmsii as a Cu accumulator and for T. caerulescens as a nonaccumulator for Cu. Studying Cu accumulation, binding, and toxicity in C. helmsii has revealed features that distinguish it from plants with different responses to Cu (e.g. T. caerulescens) but also revealed some similarities.
Cu-Induced Inhibition and Submerged/Emerged Adaptation of Metabolism
Pigment Changes
Surprisingly, no Cu-induced changes in the ratio of Chl to carotenoids, and only a small decrease of the Chl a/Chl b ratio, were found in response to Cu stress, although these pigments usually have a different lifetime during decay, leading to autumnal coloring of leaves (Wolf, 1956; Sanger, 1971) . This is in line with the observation that C. helmsii leaves dying from Cu Figure 3 . Results of pH measurements of C. helmsii leaves for detecting circadian changes of acid content indicative of CAM. The lines between the morning and evening measuring points are only a visual aid for making it easier to see which pairs of points belong together; they do not imply that there would be a linear decrease of pH over the day. The data are averages of two independent experiments. Treatment labels are as follows: e, emerged stock culture; s, submerged stock culture; E, experiment (treatment) in emerged state; S, experiment in submerged state; Cu, treated with 10 mM Cu 2+ ; Ct, control (0.1 mM Cu 2+ ).
Crassula helmsii, a New Copper Accumulator stress bleached very quickly and showed an unusually rapid, and therefore most likely active, degradation of all pigments once a cell has died from Cu stress. This could be an emergency defense mechanism against Cu stress in C. helmsii, since sacrificing some leaves as Cu dumps with recovery of nutrients from them could decrease Cu stress in the remaining tissues.
The decrease of Chl content in emerged compared with submerged plants indicates that in the emerged state, C. helmsii "anticipates," via a regulatory mechanism, high-light stress in the emerged state and light limitation in the submerged state, even if in the experimental conditions the plants were only a few centimeters below the water surface so that light absorption by water should be minimal. This correlates with changes in photosynthesis, as discussed below. It remains unclear, however, why the content of light-protective b-carotene-like carotenoids decreased in the emerged state.
Biophysics of Photosynthesis and CAM
The most noticeable Cu-induced change in photosynthetic parameters was the increase of the degree of light saturation, which was found in all analyzed treatments (although with different amplitudes). This "Materials and Methods" for details of the measuring protocol, including timing of events. The data are averages of two independent experiments. Treatment labels are as follows: E, experiment (treatment) in emerged state; S, experiment in submerged state; Cu, treated with 10 mM Cu 2+ ; Ct, control (0.1 mM Cu 2+ ). A, Selected parameters. Indices of sections of the measuring protocol are as follows: "_d" stands for "dark adapted," "_i" stands for "irradiated with actinic light," and "_r" stands for "relaxation period after actinic irradiance." The numbers in the index sequentially number the SIPs in the respective protocol section. A short explanation of individual fluorescence kinetic parameters is provided in Table I; shows a decreasing number of functional RCs or PSII / PSI electron transport chains relative to the antenna, if the photosynthetic system has a high antenna connectivity, so that each antenna molecule may deliver its excitons to different RCs. Interestingly, this Cu-induced increase in light saturation was much stronger in plants from submerged compared with emerged stock culture and stronger if Cu stress was applied in the submerged than in the emerged state.
The F PSII decreased in response to Cu, particularly at the beginning of actinic irradiance, indicating that later on a rearrangement of the photosynthetic system could alleviate some of the defects caused by Cu toxicity. This did not apply, however, to those mechanisms that led to an increased nonphotochemical fluorescence quenching during Cu stress, as that increase remained constant throughout the actinic light period. This different behavior of changes in photochemistry and nonphotochemical quenching shows again, as in our previous study on Cd stress in T. caerulescens (Kü pper et al., 2007a) , that these two parts of photosynthesis biophysics represent different targets (proteins) affected by heavy metal (Cd and Cu) toxicity.
A common observation in many earlier studies of Cu stress with ecologically plausible concentrations of Cu 2+ (Lanaras et al., 1993; Lidon et al., 1993; Ouzounidou et al., 1995 Ouzounidou et al., , 1997 Ouzounidou, 1996) was that Cu 2+ usually does not affect the maximum dark-adapted quantum yield of PSII, measured as F v / F m . If Cu stress is investigated under high-irradiance conditions or with long light phases, however, the situation is often different. This was first found by Lanaras et al. (1993) in leaves of Triticum aestivum, where Cu toxicity caused a considerable decline of F v / F m , resulting from both an increase of F 0 and a decrease of F v . Similar effects were found by Kü pper et al. (1998, 2002, 2003) in green and red algae under Cu stress, where they could be linked to inhibition of the PSII RC likely by insertion of Cu 2+ into the Phe a in the sunreaction type of damage (Kü pper et al., 2002) . In this study, F v /F m did not decrease, although the changes in light saturation, the visual damage symptoms, and pigment changes now resembled the sun reaction. In previous studies, it was often concluded from such nondecreasing F v /F m that Cu 2+ would not affect the efficiency of the primary photochemistry in PSII of the dark-adapted leaf cells. This conclusion, however, is not reliable. [Cu(II)]-Chl is both nonfluorescent and a very strong quencher of excitons transferred to it from magnesium (Mg)-Chl in the same photosystem, as discussed in detail by Kü pper et al. (2002) . Therefore, insertion of Cu 2+ in the Phe a of the PSII RC during sun reaction makes the affected PSII RCs nonfluorescent (i.e. the Cu-inhibited photosystems do not contribute to the measurable Chl a fluorescence and thus F v /F m ). But in a system with high antenna connectivity, as seems to be the case here, they lead to the observed Table III . Results of the refinement of the EXAFS spectra using the DL-Excurve program Nitrogen and oxygen are used indistinctively, since their scattering phases are similar. The graphs of the fits for the model compounds are shown in Supplemental Figure S1 , and those of the plant samples are shown in Figure 5 . The refinement parameters of the model compounds are shown in Supplemental Table  S1 . The refinements of model compounds that were more relevant for T. caerulescens [Cu (I/II)-glutathione, Cu(II)-His, Cu(II)-nicotianamine, and Cu(II)-Pro] are shown in the companion article (Mijovilovich et al., 2009 ) about Cu metabolism in that species. eSCu, C. helmsii from emerged stock culture treated with Cu in the submerged state; sSCu, C. helmsii from submerged stock culture treated with Cu in the submerged state; eECu, C. helmsii from emerged stock culture treated with Cu in the emerged state; sECu, C. helmsii from submerged stock culture treated with Cu in the emerged state; EF, Fermi energy shift with respect to E0 = 8,979 eV used in the background subtraction, which defines the threshold for the EXAFS spectra (Rehr and Albers, 1990 ; this value was refined for every sample); FI, fit index; SE, mathematical SE values of the refinement (2s level). The error of the EXAFS approach as such is higher; this is revealed by the differences between samples of the same type. Asterisks indicate values that were constrained to be identical for these contributions. Deviations from this simplification do not improve the model significantly. NA, Nicotianamine. The aforementioned effects of Cu on light saturation and F PSII clearly showed that in submerged conditions, C. helmsii changes its metabolism in a way that makes it more susceptible to Cu stress. This is in line with our earlier observations (H. Kü pper and F.C. Kü pper, unpublished data) that C. helmsii is more Cu resistant in summer, when most of the population is above the water level of the drying-out ponds, than in winter, when most of the population is submerged. This difference in Cu sensitivity cannot be due to stronger Cu uptake in submerged conditions, as the Cu content of the Cu-stressed plants was identical in the submerged and emerged states. Rather, it must be a change in metabolism. We previously suspected that this change in resistance could be due to the (stronger) induction of CAM in response to temperature and salinity in summer; therefore, we analyzed CAM now via pH measurements of acid consumption during the day and via carbon isotope discrimination (D 13 C) measurements. While the pH measurements now clearly indicated that C. helmsii performed CAM, the D
13
C values were always in the range of regular C3 photosynthesis. The reason for this discrepancy remains unclear. The pH difference of the control plants was much stronger in the submerged compared with the emerged state, indicating stronger CAM in the former. These results clearly show that CAM does not protect against Cu toxicity but rather makes the plants more susceptible to it. The mechanism of the latter remains to be solved in the future. The extent of diurnal pH change indicative of CAM was most influenced by the conditions during the experiment, but the preculture conditions still influenced this, in two ways. First, as expected, control plants grown in the experiment in the submerged or emerged state displayed a larger pH difference if they were pregrown in the submerged state. Second, surprisingly, the preculture condition inverted the effect of Cu stress on the pH difference. In both emerged and submerged plants from submerged preculture, Cu stress decreased the pH difference, while in plants from emerged preculture, Cu increased the pH difference (i.e. CAM). This indicated that Cu influences the intricate regulation of CAM versus C3 photosynthesis on C. helmsii, which is, to our knowledge, a previously unknown effect of Cu toxicity.
Metal Speciation and Detoxification in Hyperaccumulators
In C. helmsii, in contrast to T. caerulescens (see Mijovilovich et al., 2009) , Cu was bound almost exclusively by oxygen ligands, without any measurable contribution of sulfur ligands or Cu-Cu interactions. This resembles the situation in all hyperaccumulators for other metals studied so far, such as Cd and Zn in T. caerulescens (Salt et al., 1999; Kü pper et al., 2004) and Arabidopsis halleri (Sarret et al., 2002) , Ni in various species (Krämer et al., 1996; Sagner et al., 1998) , and the metalloid arsenic in Pteris vittata (Webb et al., 2003; Zhao et al., 2003) . These oxygen ligands of Cu in C. helmsii may be organic acid anions like malate or citrate, but unlike in T. caerulescens, no major proportion of Cu was bound by nicotianamine. Altogether, C. helmsii seems to treat Cu in the same way as hyperaccumulators of other metals do for the metals they accumulate: keep the hyperaccumulated metal out of the cytoplasm and sequester it into the vacuole (most metals, including Cd, Ni, and Zn) or cell wall (shown mainly for aluminum; Carr et al., 2003) , as described in the introduction. In the vacuole and cell walls, usually no really strong ligands (e.g. phytochelatins, metallothioneins, nicotianamine, and His) are present, so the metals are only associated with the weak oxygen ligands that are abundant in these compartments (i.e. mainly organic acids like malate and citrate in the vacuole or cellulose in the cell wall). In nonaccumulators, in contrast, metals seem to be mainly detoxified by binding to the strong ligands just mentioned, which seems also to apply to Cu in T. caerulescens as a nonaccumulator for this metal (see Mijovilovich et al., 2009 ). This article and the companion article (Mijovilovich et al., 2009 ) yielded strong new evidence that these are general principles, as we could show that (1) the same metal, Cu, is bound by weak ligands when looking at a Cu hyperaccumulator (C. helmsii) but bound by strong ligands in a Cu nonaccumulator (T. caerulescens); and (2) in the same plant (T. caerulescens), the hyperaccumulated Cd is bound by weak ligands (Kü pper et al., 2004) , while the nonaccumulated Cu is bound by strong ligands (see Mijovilovich et al., 2009) . In contrast to what could be expected in view of the metabolism of C. helmsii, which carries out more CAM photosynthesis in the submerged than in the emerged state, no differences in Cu ligands were found between these two physiological states. This could be because the concentration of organic acids in these plants is always so high that it is not limiting for Cu complexation. Combined with the CAM data mentioned above, it could be that CAM induction does not lead to an overall increase of organic acid content in C. helmsii but to a change in acid composition (e.g. a shift from citrate to malate). Such a change would not be detectable by EXAFS, as both Cu complexes have almost the same spectra, but could explain the lower Cu resistance of CAM-performing C. helmsii, as malate (two carboxyl groups) binds Cu less strongly than citrate (three carboxyl groups).
In summary, C. helmsii turned out to be a very interesting case for studying Cu accumulation, binding, and toxicity in a plant that is both Cu tolerant and Cu accumulating. The latter feature, however, should not be used for phytoremediation attempts, not only because of the small size of this plant but mainly because this species is a very aggressively invasive neophyte, which has already caused severe problems in Europe. The question whether the invasiveness of C. helmsii and the decline of the related European species C. aquatica are related to different heavy metal resistance is an interesting topic for future investigations. The mechanism of its Cu uptake is an interesting subject for future investigations; one important question to be solved is in how far it involves active transport or passive accumulation via the transpiration stream (emerged state) and binding in the shoot cell walls (submerged and emerged state). Passive Cu accumulation may be much more important than in all terrestrial hyperaccumulators of other metals investigated so far, because in the submerged state the shoot cell walls are in direct contact with the Cu-containing environment, and even in the emerged state the cell walls of this swamp plant may be much more water conductive than in fully terrestrial plants. However, it seems very unlikely that this passive contribution could yield the extremely high accumulation (about 9,000 ppm Cu in the plant dry weight compared with 0.6 ppm in the nutrient solution) that we found in our experiments. Therefore, it seems most likely that the accumulation is by active transport, as was found for all investigated hyperaccumulators of other metals.
MATERIALS AND METHODS
Plant Material, Culture Media, and Culture Conditions
Crassula helmsii was collected from a revegetated dump site for coal mining spoil, General Blumenthal/Schacht 8, in Oer-Erkenschwick, Germany (for details, see Kü pper et al., 1996a) . For at least 3 months before the experiments, it was grown in the nutrient solution described by Gaudet (1963) with the following modifications: (1) (NH 4 )2Fe(SO 4 )2·6H 2 O instead of Fe-EDTA to facilitate heavy metal uptake by the plants; (2) 0.1% of its natural pond water was added; and (3) Cu was omitted from the nutrient solution, since it turned out that the traces of Cu present in other chemicals (about 0.1 mM in the final nutrient solution) were sufficient for healthy growth of C. helmsii. During the experiments, the addition of natural pond water was stopped to have more defined conditions, and 10 mM Cu (as CuSO 4 ) was supplied to the plants to be stressed. The nutrient solution was aerated continuously. This Cu concentration was chosen because in preliminary tests it had proven to be sublethally toxic for both organisms that we wanted to compare in this study: C. helmsii (this article) and Thlaspi caerulescens (Mijovilovich et al., 2009) . Using greater Cu concentrations was impossible for practical reasons like availability of pumps and vessels for cultivation (since already eight treatments altogether had to be conducted; Figs. 2-5), measuring time at the FKM, and beamtime at the synchrotron (almost 1 month already, which is longer than most other studies are allowed to take).
We used 7-L vessels, in which the solution was exchanged every 3 to 4 d. For emerged cultivation, 64 plants were placed in holes of a black plastic plate so that the roots were hanging into the nutrient solution. For submerged culture, the plants were allowed to float freely in the nutrient solution. Six separate replicate experiments were performed within 2 years, three of them with emerged and three with submerged stock culture. In each experiment, half of the plants were kept in the condition of the stock culture (emerged or submerged) and the other half were transferred to the other growth condition to simulate the frequent submerged/emerged changes in the natural habitat of this species. Two to 3 weeks after transferring the plants into the pots, 10 mM Cu sulfate was added to the nutrient solution of half of the pots. All plants were grown with 14-h daylength. A 22°C/18°C day/night temperature was applied, and a quasisinusoidal three-step light cycle with about 40 mE in the morning and 120 mE at noon was achieved by full-spectrum discharge lamps. Samples for the various types of analysis (FKM, pigments, EXAFS, atomic absorption spectrometry, D 13 C, tissue pH) were taken 8 6 2 d after start of the Cu treatment.
Chl Fluorescence Kinetic Measurements
Here, we performed spatially resolved (two-dimensional, imaging) measurements of Chl fluorescence kinetics via the pulse amplitude modulation principle in the FKM as developed and described by Kü pper et al. (2000a Kü pper et al. ( , 2007a . For measurements, a leaf was cut off and pressed by its upper side toward the glass window of the measuring chamber (for descriptions, see Kü pper et al., 2000a Kü pper et al., , 2007a ) with a wet nylon grid or wet cellophane. The chamber was kept at room temperature (about 20°C) and was ventilated by a stream of air (2 L min 21 ) saturated with water vapor at the same temperature.
Measuring light was less than 1 mE. Blue (410-500 nm) excitation was used, provided by a white light-emitting diode with the excitation filter 2P-HQ 460/ 80 (AHF; www.ahf.de) and dichroic mirror 505DCXR (AHF). Chl fluorescence was detected from 665 to 705 nm with the emitter D680/30 (AHF). Measurements lasted 300 s, in the third second of which a short (600-ms) flash of saturating light was given for measurement of F m (maximum fluorescence yield of a dark-adapted sample), followed by 100 s with neither actinic nor saturating light for measurement of F 0 (the minimal fluorescence yield of a darkadapted sample; i.e. the fluorescence in nonactinic measuring light). Then, 100 s of actinic light was applied to analyze the Kautsky induction and the degree of light saturation at the beginning of this induction [saturation = (F p 2 F 0 )/ (F m 2 F 0 )] as a measure of functional RCs relative to the size of the connected functional antenna (Kü pper et al., 2007a) . Finally, again 100 s was measured with no actinic light for measurement of dark relaxation, including F 0 # (the minimal fluorescence yield of a light-adapted sample). During the actinic light exposure and in the relaxation period afterward, further 600-ms flashes of saturating light (SIPs) were given in order to measure the photochemistry via
The flashes during the dark relaxation period were used also to calculate relaxation of F PSII . The position of a parameter in the protocol is described by an index behind the main parameter name. Denominators of sections of the measuring protocol are as follows: "_d" stands for "dark adapted," "_i" stands for "irradiated with actinic light," and "_r" stands for "relaxation period after actinic irradiance." The numbers in the index sequentially number the SIPs in the respective protocol section.
The original data (i.e. two-dimensional records of Chl fluorescence kinetics) were analyzed using the FluorCam software from Photon Systems Instruments as described earlier (Kü pper et al., 2000a; Ferimazova et al., 2002) . The cells used for the statistical analysis were selected to be a representative subset of all cells in the field of view.
Quantification of Chl in Plant Extracts
Shoots were frozen in liquid nitrogen, then lyophilized, and subsequently extracted in 100% acetone. Spectra of pigment extracts were measured with the UV/visible spectrophotometer Lambda 16 (Perkin-Elmer) at a spectral bandwidth of 1 nm with 0.2-nm sampling interval from 350 to 750 nm. Chls were quantified according to the "Gauss-peak-spectra" (GPS) method developed by Kü pper et al. (2000b Kü pper et al. ( , 2007b . Normalized spectra (350-750 nm) of pigment standards were mathematically described by a series of Gaussian peaks. These GPS were combined to simulate the contributions of possible constituents in the plant extracts, such as Mg-Chl a, Mg-Chl b, Pheo a, Pheo b, b-carotene and zeaxanthin (the latter two are subsequently called "b-carotenelike," as their spectra are identical), antheraxanthin and lutein (called antheraxanthin-like in the following, as their spectra are identical), neoxanthin, and violaxanthin. Zeaxanthin and b-carotene, as well as antheraxanthin and lutein, have exactly the same chromophore (p-electron system and functional groups interacting with it), so that their excited states and therefore their absorption and fluorescence spectra are identical. Therefore, also their properties in quenching or harvesting excitation energy (i.e. their relevance in photosynthesis and protection against excess energy) are most likely identical. And for the same reason, it is impossible to distinguish between them by UV/ visible spectroscopy. The combinations of GPS were then fitted to the sample spectrum to obtain the parameters representing the concentrations of the individual components. Additionally, baseline drift and wavelength inaccuracies of the spectrophotometer as well as temperature differences, residual water content, and turbidity of the samples were automatically corrected (Kü pper et al., 2007b) .
Preparation of Plant Samples for EXAFS Measurements
To eliminate problems of element redistribution during sample preparation, the collected tissues were shock frozen in melting nitrogen slush. This slush was generated by pulling a strong vacuum on a container of wellinsulated liquid nitrogen (this forces the nitrogen into solid + gaseous state) and then releasing the vacuum, causing the nitrogen "snow" to melt. Afterward, the samples were immediately stored at -80°C. To obtain representative data sets within the limited synchrotron beamtime, aliquots of samples from all plants of the same metal treatment (see above) were mixed, so that each EXAFS sample represented the average of four to eight plants. For the EXAFS measurements, the frozen-hydrated samples were ground to powder in a mortar and filled into EXAFS cuvettes; all this was done at -80°C (dry ice cooling). Afterward, the cuvettes were sealed with Kapton tape and stored in liquid nitrogen.
Preparation of Model Complexes for EXAFS Measurements
A 5 mM solution of CuSO 4 was used as reference for the aquo complex. His, citrate, and glutathione complexes with Cu(II) were prepared by adding 50 mM ligand to a 5 mM CuSO 4 solution. Our model complexes were acidic, adjusted to pH 4, resembling the situation in plant vacuoles, which are the compartments where plants store organic acids and which are the main sinks for heavy metals in hyperaccumulators (Kü pper et al., 1999 (Kü pper et al., , 2001 . All solutions of the model complexes contained 30% (v/v) glycerol to minimize the formation of ice crystals during freezing. The samples were transferred into EXAFS cuvettes and frozen in liquid nitrogen.
EXAFS Measurements and Data Analysis
Measurements were performed at the EMBL bending magnet beamline D2 (DESY) using a Si(111) double crystal monochromator, a focusing mirror, and a 13-element germanium solid-state fluorescence detector. All samples were mounted in a top-loading closed-cycle cryostat (modified from Oxford Instruments) and kept at about 30 K. The transmitted beam was used for energy calibration by means of the Bragg reflections of a static Si(220) crystal (Pettifer and Hermes, 1985) . At least 500,000 counts above the Cu-K absorption edge were accumulated for each measurement. Data reduction and averaging were done using the EXPROG (Korbas et al., 2006) and KEMP (Korbas et al., 2006) packages of programs. Data analysis was performed using DL_Excurv (Tomic et al., 2005) , which is a freeware version of Excurve (Binstead et al., 1992) under the flagship of CCP3 (www.ccp3.ac.uk/).
The k-range was chosen according to the statistical quality of the data at the end of the k-range, from 3 Å 21 to a higher end at 8.5 to 13 Å 21 . Since nitrogen and oxygen are indistinguishable by EXAFS due to their similar scattering phases, both elements are used indistinctively when modeling individual ligand shells. But multiple scattering contributions (e.g. of the imidazole ring of His) may allow unambiguous assignment of oxygen versus nitrogen and of ligand molecules (e.g. His, nicotianamine). As His (as free amino acid or in proteins) is the only potential nitrogen ligand that is abundant enough and has a high enough Cu affinity to contribute to Cu binding in plants, His was included in our refinements. His was modeled using the coordinates provided by the DL-Excurve release, and the nicotianamine coordinates were taken from NICOAM01.cif (Miwa et al., 1999) . Further details of the nicotianamine refinement are described in our companion article (Mijovilovich et al., 2009) on T. caerulescens. In addition to the refinement described above, the measured EXAFS data of all plant samples were fitted with a linear combination of the measured curves of all model complexes. This fit, subsequently called "component analysis," was done in order to have a second method to estimate the proportions of the different types of ligands around the metals. The fitting of measured XAS sample data by a linear combination of measured model data has also successfully been used by Salt et al. (1999) for Zn in samples of T. caerulescens and by Kü pper et al. (2004) for Cd and Zn in the same species. In this work, the approach of Salt et al. (1999) was modified as described by Kü pper et al. (2004) .
Determination of Metals in Whole Plant Tissues
Frozen-hydrated plant samples (see above) were lyophilized, ground, and subsequently digested with a mixture of HNO 3 and HClO 4 (Zhao et al., 1994) . Concentrations of Cu in the digests were determined using atomic absorption spectrometry in a GBC 932 AA spectrometer (GBC Scientific Equipment).
Measurements of Carbon Isotope Discrimination
Carbon isotope discrimination measurements were carried out as previously described by Flynn and Davidson (1993) . In brief, samples were analyzed using a 20-20 stable isotope mass spectrometer (PDZ Europa) with an ANCA-NT prep system. Freeze-dried and ground plant samples (of around 1 mg target weight) were weighed and enclosed in tin capsules, which were inserted into the instrument for combustion/reduction via an autosampler prior to mass spectrometry. 
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Comparison of Cu XAS of different model compounds.
Supplemental Figure S2 . Typical examples of maps of the light saturation parameter (F p 2 F 0 )/(F m 2 F 0 ) of the fluorescence kinetic measurements after 8 d of treatment (submerged stock culture), showing that the response of the leaves was rather homogeneous, in contrast to the distribution of Cd-induced inhibition in the Cd/Zn-hyperaccumulator plant T. caerulescens investigated earlier (Kü pper et al., 2007a) .
Supplemental Table S1 . Table of Cu-EXAFS refinement parameters of the model compounds shown in Supplemental Figure S1 .
Supplemental Table S2 . Alternative refinements of the plant samples for testing the presence of biomineralization (Cu phosphates, oxalate, and oxides) that was found in the T. caerulescens samples in our companion article (Mijovilovich et al., 2009 ).
